Mitochondria were prepared from etiolated maize shoots (Zea nuays L. var. McNair 508) by homogenization followed by differential centrifugation and equilibrium banding in discontinuous sucrose or Renografin-sucrose gradients. Mitochondria prepared by sucrose banding showed better physiological integrity than those prepared by Renografin-sucrose banding, although both procedures yielded mitochondria that showed respiratory control and coupling of oxidation to phosphorylation of ADP. Mitochondria prepared by Renografin-sucrose banding were free of dectectable cytoplasmic ribosomal RNA, while sucrose banding resulted in a low level of contamination. Ribosomes isolated from mitochondria sedimented at about 78S, with subunits sedimenting at 60 and 44S. Using Escherichia coli ribosomal RNA as internal standards, the molecular weights of mitochondrial ribosomal RNAs were found to be 0.74 to 0.75 and 1.26 X 106 daltons by polyacrylamide gel electrophoresis, before or after denaturation in formaldehyde. Cytoplasmic ribosomal RNA molecular weights were 0.70 and 1.26 X 168 before denaturation, and 0.68 and 1.5 X 106 after denaturation, suggesting an unusual reaction of the heavy ribosomal RNA to formaldehyde.
The literature concerning the biogenesis, properties, and interrelationships of mitochondria and other cellular organelles has been extensively reviewed in recent years (1, 4, 5, 23) . Similarities of mitochondria to bacteria and other prokaryotes have long been used to suggest an evolutionary relationship between the latter and the endosymbiotic mitochondria (1) . Examination of some of the constituents of mitochondria, however, has shown marked differences between bacteria and mitochondria, and among mitochondrial sources. Of particular interest is the observation that mitochondria from a number of sources possess ribosomes and ribosomal RNA that are distinct from bacterial ribosomes in certain characteristics. The sedimentation coefficients of mitochondrial ribosomes range from 55S in mammalian tissue (22) to 74S in some fungi (5 plant mitochondrial ribosomes. Maize mitochondrial ribosomes have been described as sedimenting at 66S (27) , and a low guanine-cytosine content of soybean mitochondrial ribosomal RNA has been reported (2) . The latter characteristic is common among mitochondrial RNAs (5) .
As a part of investigations on cytoplasmically inherited phenomena in maize, this study was initiated to purify maize mitochondria and to characterize constituents of the organelle. The present report describes a purification procedure that frees mitochondria of apparent cytoplasmic ribosomal RNA and presents evidence of a high mol wt of maize mt-rRNA. ' Ribosomes from the preparations showed sedimentation characteristics similar to those of cytoplasmic ribosomes. While this study was in progress, Leaver and Harmey (16, 17) found similar data for mitochondria from a range of higher plants. They reported a 78S ribosome, and ribosomal RNA mol wt of 0.69 to 0.78 and 1.12 to 1.18 X 106 for five dicotyledonous species. The data reported herein substantiate their data, and describe a heavy mt-rRNA whose mol wt probably exceeds that of heavy cyt-rRNA.
MATERIALS AND METHODS
Mitochondria were prepared from dark-grown Zea mays L. (var. McNair 508) seedlings, which had been germinated in vermiculite at 25 C. Mesocotyl and coleoptile tissues (6-12 cm) were harvested and immediately homogenized in a Waring Blendor for about 4 sec at low speed, or in a Sorvall Omnimixer3 for about 7 sec at setting No. five. The homogenization buffer was 0.3 or 0.5 M sucrose, 0.05 M tris-HCl (pH 7.5), 5 mM Na2-EDTA, and 0.1% bovine serum albumin. The preparation was filtered through two layers of cheesecloth and two layers of Miracloth (Chicopee Mills, Inc., New York) before being centrifuged twice at 1,475g (max) for 10 min in a Sorvall SS-34 rotor. The supernatant was centrifuged for 15 min at 8,700g (max) to pellet the mitochondria. The "fluffy" layer above the pellet was carefully rinsed with buffer before the mitochondria were resuspended in the same buffer. Alternatively, mitochondria were prepared by the method of Miller et al. (20) , except that mitochondria were pelleted as described above. When large quantities (about 1 kg) were processed, the 2Abbreviations: mt-rRNA: mitochondrial ribosomal RNA; cytrRNA: cytoplasmic ribosomal RNA; RCR; respiratory control ratio.
3 Mention of a trademark name, proprietary product, or specific equipment does not constitute a guarantee or warranty by the United States Department of Agriculture and does not imply its approval to the exclusion of other products that may also be suitable. 677 leted by centrifugation at 18,000g (max) for 5 min and were resuspended in medium for ribosome extraction, for respiratory measurements, or for nucleic acid extraction. Discontinuous sucrose gradients, similar to those described by Douce et al. (11) , were also used. Mitochondria were collected at the interface of 1.20 to 1.45 or 1.20 to 1.60 M sucrose, and were diluted as described above, except that sucrose was omitted from the diluent.
Ribosomes were prepared by suspending the mitochondria in 0.4 M sucrose, 10 mM tris-HCl (pH 7.5), 15 mM MgC12, 45 mM KCl, and 5 mm 2-mercaptoethanol, or in the same buffer with 20 mm MgCl2 and 0.1 M KCl. Triton X-100 was added to a protein-detergent ratio of about 0.8, and deoxycholate was added to a protein-deoxycholate ratio of 0.2. The preparation was passed several times through a 22-gauge needle before incubation at 0 C for 20 min; this step was followed by clarifying the preparation at 27,000g (max) for 20 min. The supernatant was layered over 2.0 ml of 1.5 M sucrose in the above buffer, and ribosomes were pelleted at 65,000 rpm (378,225g max) in the ti75 Beckman rotor for 1.5 hr at 4 C. Cytoplasmic ribosomes were prepared in the buffer described by Davies et al. (9) and were pelleted as described above after Triton X-100 and deoxycholate treatment. Density-gradient centrifugation of ribosomes was performed in the Beckman SW41 rotor, using linear-log sucrose gradients (6) Gels were removed and soaked in distilled water for 2 hr before being scanned at 260 nm in a Zeiss PMQ-II spectrophotometer equipped with a Brinkman carrier device and an external recorder. The gels were then stained with Stains-all (8) overnight and destained by soaking in distilled water for 6 hr, followed by briefly bleaching the gels in direct sunlight. The gels were then scanned at 550 nm, and visual observations were made.
The physiological integrity of the mitochondria was measured by the determination of respiratory control and ADP/ 0 ratios in the buffer described by Miller et al. (20) , by using a 2.6-ml Plexiglas chamber attached to a Clark oxygen electrode maintained at room temperature (24 C Material for electron microscopy was pelleted, fixed for 1 hr in Karnovsky's paraformaldehyde-glutaraldehyde mixture, postfixed 0.5 hr in 1.33% osmium tetroxide, dehydrated in an ethyl alcohol-acetone series, and embedded in Spurr's standard embedding medium. Sections were stained in uranyl acetate and lead citrate.
RESULTS
Criteria of Purity. Crude mitochondrial preparations prepared by differential centrifugation were divided in two before discontinuous Renografin-sucrose or sucrose equilibrium centrifugation. The mitochondrial bands at the interface of 25 to 37% Renografin layers were buff colored or showed a yellow tint. Mitochondria sedimented through the discontinuous sucrose gradients described by Douce et Polyacrylamide gel electrophoresis of formaldehyde-denatured mitochondrial nucleic acids was used to assess the degree of contamination of the mitochondria by cytoplasmic ribosomes or ribosomal subunits. Native nucleic acid electrophoresis was not suitable for this purpose, because separation of mt-rRNA and cyt-rRNAs was incomplete (see section on mol wt below). After formaldehyde denaturation, mt-rRNAs migrated more slowly than their cytoplasmic counterparts. A crude mitochondrial preparation yielded four bands (Fig. 1A) .
The minor bands were attributed to cytoplasmic ribosomes. Sedimentation of the crude preparation in Renografin-sucrose gradients cleanly separated the mitochondria from contami-MAIZE MITOCHONDRIAL RIBOSOMES AND RNA nants. The upper yellow zone (buffer-25% Renografin interface) yielded primarily cyt-rRNA (Fig. 1B) , while the lower zone (25-37% Renografin interface) yielded mt-rRNA free of detectable cyt-rRNA (Fig. 1C) . Sucrose-banded mitochondria were contaminated by cyt-rRNA, although not to the extent of the crude preparation shown in Figure lA Polyacrylamide gel electrophoretic patterns of nucleic asayed before equilibrium centrifugation, showed RCR of racted from crude mitochondria (A), material collected at more than 3.00 in the presence of succinate, although the sper-25% Renografin interface after discontinuous centrifu-cific activity (nmoles 02 consumed/min-mg protein) was much the crude preparation (B), and mitochondria banded at lower. The substantial increase of respiratory-control and face of 25 to 37% Renografin (C). Electrophoresis was ADP/0 ratios, and state 3 respiration rates observed by Douce d in 6.5 x 70-mm gels at room temperature for 4 hr at et al. (11) after sucrose equilibrium centrifugation of mung Lin the presence of 1.1 M formaldehyde after denaturation bean or potato mitochondria were not observed with corn icleic acids. Gels were stained with Stains-all and scanned mitochondria. The slow dilution of mitochondria in dense sun. Only the first 4 cm of the 7-cm gels is shown in Figure csto approximTelow Electron Microscopy. Electron microscopy of the preparations revealed two types of mitochondria (Fig. 3) . The majority were small and condensed, showing high contrast between cristae and matrix. Some of the particles were swollen and homogeneous in appearance. When coleoptiles and their plumules were sectioned, it was apparent that the swollen, homogeneous-appearing mitochondria were of plumule origin. The dominant condensed type was observed in the large, highly vacuolated coleoptile cells. The latter tissue is probably metabolically less active than the rapidly expanding plumule cells at the time of harvest. Plants harvested after the plumule had penetrated the coleoptile tip revealed a higher percentage of the homogeneous-appearing mitochondria. A number of mitochondria with broken membranes (arrow, Fig. 3) were evident in the preparations, indicating possible damage during homogenization or exposure to hypotonic conditions. Molecular Weight Estimates of Mt-rRNA and Cyt-rRNA. Nucleic acids were extracted from mitochondria after equilibrium centrifugation in Renografin-sucrose and were usually divided into 2 M LiCl-soluble and insoluble fractions. Small volumes (0.5 ml) were used for this purpose. The 2 M LiClinsoluble fraction was washed with 70% ethanol-0.1 M sodium acetate before resuspension in buffer.
Electrophoresis of about 0.25 A2. units of RNA revealed two dominant bands (Fig. 4A ), which were assumed to be ribosomal in origin. The addition of maize root cyt-rRNA (prepared from phenol extracts of roots) to the mitochondrial preparation (Fig. 4B ) resulted in the two light ribosomal species being partially resolved, but the heavy bands were indistinguishable. The fastest moving light RNA band (0.70, Fig.  4B ) was identified as being of root origin. Coelectrophoresis of E. coli and mitochondrial rRNA (Fig. 4C ) revealed four well defined bands. Components 0.56 and 1.07 were identified as E. coli light and heavy components, respectively, by varying the concentration of added bacterial RNA. When E. coli and maize root RNA series were coelectrophoresed, four well separated bands were detected (Fig. 4D) (Fig. SA) . Combinations of root cyt-rRNA and mt-rRNA revealed a pattern quite unlike that shown by native RNA. The mt-rRNA, identified by again varying the concentration of root cyt-rRNA, migrated substantially slower than cyt-rRNA (Fig. 5B) . Both the heavy and light components were well resolved. Coelectrophoresis of E. coli-rRNA and mtrRNA (Fig. 5C ) revealed a pattern similar to that of nondenatured RNA. Coelectrophoresis of E. coli-rRNA and root cytrRNA (Fig.5D) The molar ratio of heavy-light mt-rRNA was determined by planimetry to be about 1.5. If each RNA is present in equimolar proportions in the ribosome, and if the mol wt are assumed to be 0.75 and 1.26 X 106 daltons, a theoretical value of 1.68 should be observed. Leaver and Harmey (17) found heavy mt-rRNA from turnip mitochondria to be markedly unstable in the presence of EDTA-containing buffers and observed several minor lower mol wt bands. In contrast, mtrRNA from maize routinely yielded no minor lower mol wt RNAs discernible by 260-or 550-nm scanning. Visual examination of the stained gels, however, revealed very small zones throughout a mol wt range of about 1.26 to 0.50X 106 daltons. Whether or not these zones are degradation products of mt-rRNA is unresolved. The uncertainty of the mol wt estimates reported herein also complicates the interpretation of the molar ratios of the two mt-rRNAs.
Ribosomes and Subunits. Mitochondria were resuspended in buffer at about 20 mg protein/ml before Triton X-100 and deoxycholate lysis and density gradient centrifugation. Mitochondrial ribosomes prepared from sucrose-banded mitochondria yielded a dominant zone of about 78S (Fig. 6A) Figure 6 contained substantial extraneous protein, which remained near the top of the gradients. Cytoplasmic ribosomes prepared by the method of Davies et al. (9) were well preserved; few subunits were observed (Fig. 6B) unless the preparation was frozen and thawed several times. Polyribosomes were easily detected. Clearly distinguishable mitochondrial ribosome subunits were detected if the mitochondria were lysed and centrifuged in 20 mm MgCl, and 100 mm KCI (Fig. 6C) . Comparison of the cytoplasmic and mitochondrial subunits in this manner resulted in assigning values of 60 and 44S to the mitochondrial subunits. The ratio of K+/ Mg2+ was 5 in the buffer used in Fig. 6C , while the ratio was 3 in Fig. 6A, demonstrating The mol wt estimates reported herein (0.74-0.75 and 1.26 X 106) must be regarded as tentative. Low guanine-cytosine content of RNA, which has been reported for soybean (2) and mung bean (17) mitochondrial rRNA, has been shown to result in anomalous slow migration of RNA (19) . Others have found relative mobility to be affected by salt and temperature (10, 12, 14) . The formaldehyde approach to mol wt determinations (3) has not been satisfactory in some aspects (10, 14, 26) . In the present study, formaldehyde electrophoresis fortuitously allowed the identification of mitochondrial RNA species not clearly resolved under standard electrophoresis. The unusual behavior of heavy cyt-rRNA may be an artifact of formaldehyde denaturation. Similar observations were made for heavy cyt-rRNA from Xenopus laevis and HeLa cells (10).
Reijnders et al. (24) observed anomalous slow migration of yeast mitochondrial rRNA following formaldehyde denaturation, and demonstrated that nonaqueous formamide (26) or 8 M urea systems resulted in conditions that eliminated differences in secondary structure of the RNA. These data indicate that the estimates for maize mitochondrial rRNA may be overestimates.
The observation that no ribosomal RNA of cytoplasmic origin was detected in direct phenol extracts of the mitochondria preparations does not, a priori, indicate absence of cytoplasmic ribosomes or subunits. Even though the mitochondria were isolated in 5 mM EDTA, ribosomal subunits could adhere to the outer mitochondrial membrane. Exposed RNA on subunits could be nicked by nucleases but remain intact, much like the RNA isolated from cytoplasmic or mitochondrial ribosomal subunits. This RNA would not be easily detected under native electrophoresis, because the mobility is similar to that of mtrRNA. Perhaps the minor bands noted after formaldehyde denaturation and visual observation of the stained gels represent extramitochondrial RNA species. If so, the degree of contamination by cytoplasmic ribosomes or subunits must be slight.
The progression of the size of mitochondrial DNA from the 5 Mm circles of mammalian tissues to the 25 Mum circles of yeasts (23) , with corresponding increases in sedimentation coefficients of mitochondrial ribosomes (5) , can probably be extended to higher plants. The (17) , who isolated 78S ribosomes from several dicotyledonous species. The 66S ribosomes previously reported from corn mitochondria (27) were probably the 60S subunit, especially since mitochondrial ribosomes seem to be sensitive to K+/Mg2+ ratios, and the 60S subunit often predominated in the preparations. Unambiguous interpretation of the probable mitochondrial ribosomes depends on demonstration of differential antibiotic sensitivity to incorporation of labeled amino acids, a characteristic noted among mammalian and yeast mitochondrial systems (5) . In the absence of this data, recognition of the 78S ribosomes marks one of the larger mitochondrial ribosomes described to date. Additional studies on the mitochondrial ribosomes are under way.
